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ABSTRACT

The Hight Dynamics Facility (FDF) at the Goddard Space Fight Center (GSFC) performs
Tracking and Data Relay Satellite (TDRS) orbit determination for the Space Network (SN) and
for TDRS System (TDRSS) users. The Terra[Earth Observing System (EOS) AM- 1] sadlite
requires TDRS ephemerides with 3s accuracies of 75 metersin position and 5.5 millimeters per
second in velocity predicted over 1 day onboard, including updates by 4.5 hours after TDRS
maneuvers. This andysis reviews the accuracy of 209 postmaneuver orbit solutions for

6 TDRSs since February 1998.

The FDF congrains the TDRS orbitd plane through input covariances in postmaneuver orbit
solutions. The FDF gtarted using this technique following in- plane TDRS maneuversin 1998;
thisimproved the average 42- hour prediction accuracy from 109 to 58 metersin 1998.
Nevertheless, the Terra 75- meter requirement was ill not dways met.

Four techniques that have been used to further improve accuracy include requesting tailored
tracking data, gpplying arange bias, fine tuning plane congraints, and changing data weights.
Bilateration Ranging Trangponder System (BRTS) tracking events have been assessed based on
differences in tracking data generation and performance of one antenna service or ground
tracking Site compared with another. Because of observationa geometry, the Alice Springs,
Austrdia, gteis preferred over the American Samoa Site for the TDRSs near 170 degrees west
longitude. For legacy TDRSs, Single Access (SA) Doppler data yields better results than
Multiple Access (MA) Doppler data. These differencesin tracking data performance lead to
tracking data requests that are tailored for best results.

The three other techniques have aso reduced both the dong- track and cross- track errors. An
optima range bias was determined after each TDRS maneuver to help in assessing what bias
should be gpplied for the next maneuver of that TDRS. Plane condraints have been tightened
for dl TDRSsto provide accuracy improvements, especidly for the TDRSs with the lowest
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orbita inclinations. Dataweight changes have helped achieve improved results and more stable
use of Doppler data.

Using these procedures, the FDF meets the Terra requirement 99.5 percent of the time with an
average 42- hour prediction error of 44.6 meters and a standard deviation of 19.5 meters. The
FDF continues to work toward further improvements so that Terrals 3s accuracy requirements
will be met. Because of large variations in the optimal gpplied range biases, additiona updates
for TDRS- 4 may be needed to meet Terra accuracy requirements. Modeling upgrades for
Spacecraft areaand for different antenna biases may further improve results,

1. INTRODUCTION

This paper evauates Tracking and Data Relay Satdllite (TDRS) postmaneuver solution
accuracy and severd techniques employed to improve accuracy. The main reason for seeking
improved TDRS accuracy isto ensure that the FDF will meet the accuracy requirement for the
Terra[Earth Observing System (EOS) AM- 1] satdlite. Hight Dynamics Fecility (FDF)
personndl at the Goddard Space Hight Center (GSFC) provide TDRS state vectors to the
Nationa Aeronautics and Space Administration (NASA) Space Network (SN) and to

TDRS System (TDRSS) users such as Terrafor operational support. The accuracy of the
TDRS ephemerides is the mgor contributor to the accuracy of the Terra ephemeris.

The Terra Project has 3s requirements for TDRS ephemerides of 75 meters and

5.5 millimeters per second predicted over 1 day onboard (Reference 1), which is 1.5 days
from the end of adaily operationd solution arc. Driving this requirement isthe Terra

Multi- angle Imaging Spectroradiometer (MISR) instrument, which requiresa3s position
accuracy of 25 metersfor Terra The TDRS ephemerisfor Terrais required to be updated
within 4.5 hours after a TDRS maneuver (Reference 2), and it istypicaly based on up to

4 hours of tracking data.

This paper isafollow- on study to a constrained- plane andyss that began before the Terra
launch in an effort to improve success in meeting the Terra requirement after TDRS maneuvers
(Reference 3). Orbital planes have been congtrained operationdly for orbit solutions after
TDRS maneuvers since 1998, improving the average 42- hour prediction accuracy from 109 to
58 meters. However, work still remained to meet the Terra 75- meter requirement at the

3s levd.

Discussed below are background information and a description of the techniques that have been
used to improve TDRS accuracy. The results of applying the various techniques are then
presented, followed by a summary and recommendations.

2. BACKGROUND

A description of the orbit determination process and study sample follows.

2



The FDF uses the Goddard Trgjectory Determination System (GTDS) to perform batch-

least- squares solutions operationdly with Bilateration Ranging Trangponder System (BRTS)
tracking data Postmaneuver solutions use both BRTS range and Doppler observations, and
apply an average coefficient of reflectivity (Cr) for solar radiation. GTDS givesthe andyst the
capability to condrain the orbital plane through input covariances. The congtrained- plane
orbital solution method was used for each short- arc solution in the sample. Table 1 listskey
GTDS modding options. A delay of —54.7 nanoseconds was applied for the BRTS a
American Samoa (AMYS) after April 10, 1998. This delay was changed to —78.7 nanoseconds
for new troposphere modeling and TDRS antenna offsets on September 2, 1999.

Table1l. TDRS Postmaneuver Modeling Options

Par ameter Value
Dataarc length 4 hours after maneuver window
Geopotentid model 70x70 JGM- 2 truncated to 8x8, with
constant J, term over time
Noncentral bodies Sun and Moon
Coordinate integration reference | Mean of J2000.0
system
Integration type Cowdl fixed step
(step size) (300 seconds)

Coordinate integration system Keplerian
1 or 3x10 ** degree” or less for both

Covariance congraints inclination and right ascension of
ascending node (see section 4C)
Edtimated parameters State vector

Saagtamoinery/Nidl/Radomski model
Tropospheric refraction model for TDRSS refractive delays

(Reference 4)
Solar reflectivity coefficient (Cr) | Between 1.35 and 1.47, or for
(applied) TDRS- 8, between 0.97 and 1.03
Satellite geometry model Sphere with cross- sectiond area of
40 or, for TDRS- 8, 65.65 meters”
Timing delays gpplied through - 78.7 nanoseconds for
GTDS American Samoa BRTS
Tracking data types S- band BRTS range and Doppler
Applied range bias See sections 3B and 4B
Polar Motion On
Tides Off
Antenna offsets GTDS 99.01 defaults
Shadow modedling Conica umbra/penumbra




This study includes 209 maneuvers during the period from February 4, 1998, to

August 28, 2003, for 6 TDRSs for which FDF personnel performed postmaneuver orbit
solutionswith BRTStracking data. TDRS- 1, - 4, - 5, - 6, - 7 and - 8, which had data from
two BRTS sites, were sdlected for sudy. Because TDRS- 3 is supported with only one BRTS
and with Tracking, Telemetry, and Command data from Guam (Reference 5) and not with two
BRTS, it was omitted from this sudy. Reference 6 gives an excellent overview of BRTS and
the geosynchronous TDRSs. Current longitude, inclination, and other information on each
TDRS can befound at http://fdf.gsfc.nasa.gov, which is available for authorized users. Figure 1
displays this map with the longitudinal box for each TDRS, the White Sands Complex (WSC),
and the three other BRTS Sites.

Maximum prediction errors were evaluated over 42- hour reference solution spans with BRTS
range data. These solutionstypicaly estimate Cr and arange bias with unconstrained orbital
planesif there were no momentum unloads. Before GTDS momentum unload modeling began,
definitive BRTS- based solutions were accurate to ~100 m (3s) (References 7 and 8). With
momentum unload modding, definitive 3s accuracies have improved to approximately

60 meters, based on overlapping consistencies.

Previous analys's (Reference 9) has shown that momentum unload modeling is a necessary
component of TDRS modeding for Terrasupport. The firsd TDRS momentum unload modeding
study by the FDF showed that when the positional accuracy requirement (75 meters, 3s) was
met, the velocity accuracy requirement (5.5 millimeters per second, 3s) was adso met
(Reference 9). Therefore, this study primarily addresses the FDF's ability to meet the positiona
accuracy requirement, even though the velocity requirement is aso assessed in daily ephemeris
comparisons.

3. TECHNIQUES

Four techniques that have been used to improve accuracy are 1) requesting tailored tracking
data, 2) applying arange bias, 3) fine tuning plane congraints, and 4) changing data weights.
These techniques are described below.

A. Tailored Tracking

Before each TDRS maneuver, the FDF sends a request for tracking events after the maneuver.
The objective of tallored tracking isto request the subset of available tracking servicesthat is
mogt likely to yield the most accurate results. BRTS tracking events are requested, scheduled,
and assessed based on differencesin tracking data generation and preferentia performance of
one trangponder or service type over another. The viewing geometry of aBRTS siteisaso a
criterion by which tailored tracking is requested.
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Geometry Selection

The BRTS dsite a American Samoa (AMYS) is at alongitude thet is nearly equd to the

TDRS- West longitude (Figure 1), so less diverse geometry is achievable with AMS than with
the BRTS located at Alice Springs, Audirdia (ALS). Therefore, ALS s preferred over AMS
for the TDRSs (TDRS-5, —7, and —8) near 170 degrees west longitude.

Service Type and Transponder Selection

Another tracking data criterion is the BRTS service type. For the legacy TDRSs (1 through 7),
Multiple Access (MA) and Single Access (SA) events have different formulations of Doppler
data, but their range data formulations are identical (References 10 and 11). MA datais dways
S- band, and the SA data used with BRTS tracking isaso S- band only. TDRS- 1, - 6, or —7
were normally supported during the study period by an antenna that only provides SA services.

BRTS range data is coherent two- way [Space- to- Ground- Link- Termind (SGLT)- to-
TDRS- to- BRTS and BRTS- to- TDRS- to- SGLT]. For the WSC BRTS, the range data are
al on essentidly the same leg (SGLT- to- TDRYS), because the WSC BRTS transponder is
located near the SGLT. For the remote BRTS transponders, the range data have two very
different legs, but thefird leg isdways SGLT- to- TDRS.

Doppler satistics from FDF Tracking Support Services repeatedly showed smaller resduds
and standard deviations with remote MA than with remote SA data. The data from the second
Ascension Idand site (AC2J) dso looked better than data from the first ste (ACNJ). Because
the cleaner statistics looked more appedling, theinitial tailored tracking requests preferred MA
on the remote sites and AC2J data over ACNJ data. Antenna size and data rates (Figure 2
from http://nmsp.gsfc.nasagov/tdrss/scraft.ntml and Reference 12), however, favor SA data
over MA data. The MA and SA datafor the WSC BRTS transponders looked similar.

Because of differencesin the frequency conversion agorithms aboard the legacy TDRSs and on
the ground, the MA Doppler measurements are more sengitive to the relative motion between
the TDRS and remote BRTS sites than that between the TDRS and the WSC BRTS site. In
contrast, the SA Doppler datais more equally sendtive to both legs than isthe MA Doppler
data.® To achieve abaance in the senstivity of both Doppler and range data, only SA datais
requested for the legacy TDRSs. For TDRS- 8, however, the S- band MA and SA Doppler
data converson agorithms areidentical. Asaresult, either SA or MA data can be used for
TDRS-8 after maneuvers,

!'S. Hendry, private communication, 2000
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Figure2. Legacy TDRS MA and SA Antennas
B. Applied Range Biases

In this paper, range bias refers to a composite range biasincluding the SGLT, the TDRS, and
the two BRTS trangponders. No range biases were gpplied initidly in orbit solutions when
range biases were less than 10 meters (Reference 3). At that time, the average TDRS- 1, - 5
and - 6 range biases were between 0 and 1 meter, and the average TDRS- 4 and - 7 range
biases were 6 and - 6 meters, respectively.

An optimd range bias is currently determined after each TDRS maneuver to help assess the bias
to be applied for the next maneuver of the same TDRS. Because of plane condraints, the main
postmaneuver solution error over 42 hoursis usudly in the dong- track direction. The range
biasis adjusted based on amaximum aong- track position difference near the end of the
ephemeris comparison span to reduce the dong- track error. A range bias that yields a
maximum aong- track difference of 30 meters or lessis caled an optima range bias. An
average of optimal range biases is used for the gpplied range bias after the next maneuver. The
optima range bias is independent of range biases estimated in routine solutions for at least two
reasons: 1) The BRTS sarvice type is usudly different (SA ingead of MA) and has different
range biases, and 2) Doppler datais used in short- arc solutions but not in routine solutions.

C. Plane Constraints

Orbitd planes have been congtrained operationaly for orbit solutions after TDRS maneuvers
since 1998 (Reference 3). At that time, this technique improved the average 42- hour
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prediction accuracy by over 50 meters by reducing both the cross- track and along- track
errors. The covariances used in the plane congtraint analysis were 1x10 *? degrees®. This
technique has aso been gpplied to other missons with favorable results (Reference 13). Tighter
covariances have been used in this study in an attempt to improve TDRS accuracies.

D. Data Weights

In terms of the percent of tracking data accepted, range data dominates Doppler data by an
average of 24 percent in postmaneuver solutions. When the TDRS- 5 postmaneuver solution
weighted root- mean square (WRMS) was higher than 1.0 and the Doppler data use was
below ~60 percent, s- multiplier or data weight changes for both range and Doppler data were
made to achieve a more stable use of Doppler data and more accurate solutions. Reference 14
describes amilar improvement with ground- based tracking datafor TDRSs.

4. RESULTSOF 4- HOUR POSTMANEUVER SOLUTIONS

The discusson will first focus on tailored tracking results, followed by plane congtraint
adjustments, gpplied range biases, and changed dataweights. Then overdl results are
presented.

A. Tailored Tracking

Geometry Selection

With four exceptions, al maneuvers after June 23, 1998, were supported with tailored tracking.
The sub-satdllite point for TDRS-7 is a the same longitude as the AMS transponder but is

55 degrees away from ALS. TDRS- 7 had results about 50 meters worse when data from
AMS was used compared with when datafrom ALS wasused. Therefore, ALS datais
preferred over AMS data.

Service Type and Transponder Selection

The 4- hour solutions for TDRS- 7 dways agreed with the 42- hour reference solutions within
75 meters. These 4- hour solutions usudly only had SA data

For TDRS- 1, - 5and - 7, SA datafrom remote BRTS sites (ACNJ, AC2J, AMS or ALS)
appeared to help 4- hour solutions more than MA data from the remote BRTS stes. The
TDRS- 5 results were poorest when using only MA data, whether from ALS or AMS.

Figure 3 displays results for these TDRSs as a function of the percent of dl data at aremote
BRTS ste that was SA data. While some intermediate results are mixed, aclear trend is
apparent between no SA dataand al SA data. Because the range data algorithms for SA and
MA arethe same, it appearsthat it is more important to have Doppler data for both tracking
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Figure 3. Postmaneuver Error and Remote BRTS SA Data

legs representing the geometry and dynamics exhibited in the remote range data, rather than to
focus on theremote leg. Therefore, SA datais preferred over MA data, especidly for remote
BRTS sites.

The results for one TDRS- 4 maneuver were over 100 meters for a solution where only one of
the Ssx WSC BRTS events was an SA event. Otherwise, there was no clear early preference of
SA or MA datafor TDRS- 4, with two cases above 75 meters and three below. However, a
spread of 6 meters or more between MA and SA range data was commonly noted for

TDRS- 4. Because of this large digparity, arequest was made to only schedule MA events for
routine daily support for TDRS- 4. After the switch was fully made on February 2, 2000,
TDRS- 4 routine daily accuracies improved by 12 meters on average.

Performance generdly improves with thistailored tracking for both sites and services. The
accuracy improvement is not monotonic with increasing amounts of SA data, but the best results
were consstently achieved when the scheme described above was followed.

Recent postmaneuver results have encouraged a further tailoring of tracking data requests based
on the TDRS onboard antennas. To avoid disparities in range bias between different SA
antennas, al SA data after amaneuver could use the same antenna (SA1 or SA2). However,
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scheduling priorities make it unlikely that a particular SA antennaiis available for al tracking for
4 hours after amaneuver. Because worse results seem to occur when the two antennas are not
scheduled in an equal proportion, requests for equally mixed use of SA1 and SA2 antennas
began for TDRSs with the TDRS- 5 maneuver on July 22, 2003.

Early in the analyss, the FDF discovered that TDRS- 1 solutions were 8 meters better on
average with both ACNJ and AC2J data, rather than with only AC2J data, contrary to the
initia expectation based on better gatistics for AC2J. Thereafter, no discrimination was made
between ACNJ and AC2J for tracking requests. Because of hardware problems, TDRS- 4
and - 6 solutions have not had the benefit of ACNJ dataiin their recent postmaneuver solutions.

B. Applied Range Biases

Early in the study period, the 4- hour solutions for TDRS- 4 and - 7 needed applied biases to
meet the 75- meter Terrarequirement. Eventually, 4- hour solutionsfor TDRS- 5 and —6 also
needed applied biases as the bias drifted upward from near O meters. Range biases are
currently gpplied for dl TDRSsin 4- hour solutions.

Because of dgnificantly different range biases and the lack of a GTDS feature to separate them
eadly, MA data has normaly been requested for routine tracking datafor dl TDRSs. This
began with TDRS- 4 and —6 in the first half of the year 2000. Furthermore, SA datawas
requested exclusvey for thefirst 4 hours after amaneuver. Therefore, a separate andysiswas
needed to determine an optima SA hiasto gpply after maneuvers. The optima range bias was
determined by adjusting the range bias until aminimd leve (30 meters or less) of maximum
adong- track differences occurred in the ephemeris comparison with the ephemeris based on the
42- hour reference solution. The minima dong- track differences generdly persst with range
vaues varying by afew meters from the optimal range bias. This dlows an average optimd bias
to work well for more than one maneuver, even when the optima range bias changed by afew
meters. An optima bias worked better when averaged over more than just the last five or

gx manewversfor TDRS- 4 and - 8, both of which had some changesin the optimal biases at
the 10- meter levd.

C. Plane Constraints

Sometimes covariances of 10 *? degree” did not congtrain the plane tightly enough, and cross-
track errors were significant (over 30 meters). At other times, covariances of 10 ** degree?
congrained the plane too tightly when there was an observed plane change of over 30 meters.
A plane constraint of 3x10* degree? gave better results on average for most TDRSs. The
plane congtraint often had a direct effect on the tota error.

A congtraint of 1x10 *2 degree? gave better results for TDRS- 5 in five cases when the plane
congtraint made a sgnificant difference. Similar results were seen for at least three cases for
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TDRS- 6inlate 1999 and in early 2000. It ssems significant that the tighter plane congraints
worked better for the TDRSs with the lowest orbita inclinations. It is more difficult for a
4- hour solution to detect Ietitudina motion with asmall indination than with alarger indination.

It was confirmed that the optima range bias, which primarily affects the ong- track position,
functions largely independently of the degree of plane congraint, which mainly affectsthe
cross- track postion.

The standard deviation of the geocentric z postion from the find date esimation in GTDS for a
short- arc solution was found to strongly indicate actua accuracy of the solution plane when the
standard deviation was above the 20- meter levd.

Consdering the latitude range of 4- hour solution arcs to anticipate different reponsesto a
single plane congraint did not reved any trends.

D. DataWeights

When the 1- and 2- hour postmaneuver solution WRM Ss were high (between 1.1 and 3.4),
dataweight changes usudly improved results while dlowing for a least 60 percent use of
Doppler data

These high WRMS conditions started for TDRS- 5 in December 2002. Initia attempts reduced
the s - multiplier from the default of 3.0 to levesaslow as 2.0. The resulting WRMS and use of
Doppler data were somewhat unpredictable, and the s - multiplier that yielded more typicd
WRMS vaues, aswell as high use of Doppler data, varied with each maneuver. After three
consecutive TDRS- 5 maneuvers had high WRM Ss and the manudly- tuned s - multipliers
varied from 2.46 to 2.83, data weight changes for the range and Doppler data were successfully
tried and then implemented. The data weight changes were used with better results than the
maneuver- oecific s - multipliers on two maneuvers, and yielded good results on two more
maneuvers. The dataweight changes had a poor result (91 meters) for afifth maneuver.

Application of the above four techniques generaly reduced both along- track and cross- track
errors.

E. Overall Results

Figure 4 displays a 5.5- year history of TDRS postmaneuver errors. The position error of the
4- hour solutionsis estimated from the corresponding 42- hour reference solutions. Results for
TDRS-1,-4,-5,-6,-7and - 8(TD1, TD4, ... TD8in Figure 4) are listed chronologicaly by
TDRSfrom left toright. The TDRS- 1 point with an arrow represents a point off scale at

180 meters when only the remote BRTS site was scheduled. The TDRS- 8 point with an arrow
represents a point off scale at 324 meters when a pitch unload occurred 2 hours &fter the
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maneuver and was not modeed. This was a coincidence of two unusud events. Since then,
pitch unload cdibration for TDRS- 8 has been performed, resulting in 1.5- day prediction errors
that are consistently below 50 meters. Except for TDRS- 8, which only has data after

April 2002, agenerd improvement with time isvigblein Figure4. Thisimprovement is
attributed to a refinement of procedures over time. When gpplicable, early operational results
were replaced with results from the congtrained plane andlyss.

The 31 casesin Figure 4 that had position error results over 75 meters have been reviewed.
Most of these cases were early in the study period. Upon review, 13 cases aready used
current procedures. For four cases the current procedures were applied and yielded improved
resultsin Figure 5. The other 14 cases, for which the current procedures were not or could not
be applied, were omitted from the next stage of the andysis, the results of which are presented
in Figure 5. The reasons for omitting the data are:

- Four cases were omitted because tailored tracking data was not available. In two cases,
there were amgority of MA events, one case contained an AMS event; and the TDRS- 1
sngle BRTS ste case referred to earlier was omitted.

Six cases were omitted because a continua use of plane congraints for TDRS- 5 and - 6
induced cross- track errors. Since early 2000, plane congraints are typicaly only used near
momentum unloads and after maneuvers.

Three cases were omitted because of a momentum unload near amaneuver. The TDRS- 8
pitch unload referred to earlier was omitted. Also, one TDRS- 5 case had aroll/yaw
unload in the postmaneuver reference solution in June 1998, before momentum unload
modeling was used operationdly. Finaly, a TDRS—4 case was omitted because of apitch
unload in a premaneuver solution that resulted in poor plane modeing in asolution in

April 1999. Since that time, momentum unload modeing has been improved.

In October 1998, one case for TDRS- 4 occurred before range biases were applied.

With current procedures, the average error for the 195 postmaneuver solutionsincluded in
Figure 5 is 44.6 meters with a standard deviation of 19.5 meters for 42 hours after maneuvers.

Figure 6 issmilar to Figure 5, except that the 42- hour results over 75 meters were

replaced with results over the corresponding Terra comparison time span ending at

2100 Greenwich Mean Time (GMT), which resulted in predicted spans between approximately
20 and 42 hours. Out of 195 cases, 194 met the Terrarequirement. The one TDRS- 4 case
above 75 meters was good for 33 hours after the maneuver, but it would have been used by
Terrauntil over 38 hours after the maneuver.

5. SUMMARY AND RECOMMENDATIONS

Using the current procedures, the average error for 195 postmaneuver solutions was
44.6 meters with a standard deviation of 19.5 meters for 42 hours after maneuvers. Thisisa
ggnificant improvement over the 58- meter average error in the origina constrained
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plane analysis (Reference 3). Of the 195 cases, 93.3 percent would have met Terra's
requirement for 42 hours.

Terrd s operationd requirement isthat the 75- meter accuracy should be met until 2100 GMT
on the next day at the 3s - leve, which is99.73 percent of the cases. Using the current
procedures, the FDF met this 75- meter requirement in 99.5 percent of the cases since
February 1998. The one case (TDRS- 4) that exceeded the 75- meter limit for the operationa
Terragpan did so 33 hours after the maneuver. Because of this failure to meet the requirement,
an intermediate postmaneuver update should be considered for TDRS- 4.

Sincethe origind congtrained plane analys's, plane constraints have been tightened for al
TDRSsto provide accuracy improvements. The TDRSs with the lowest orbita inclinations
benefited the most from additiond tightening of plane congtraints.

Tuned data weights gave good results with TDRS- 5 solutions that had unusudly large solution
noise. Some TDRS- 5 solutions had poor use of Doppler data unless data weights or the
S - multiplier were changed.

We conclude that the tailored tracking data technique helps to improve 4- hour solution
accuracy, as do plane congraints, optimal range biases averaged over severd maneuvers, and,
in cases of large solution noise, tuned data weights.

Moddling enhancements for spacecraft area and for handling of different antenna biases are
expected to further improve the postmaneuver solution accuracy results.
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